INTRODUCTION
KIF1A is a member of the KIF1/Unc104 family of plus-end-directed kinesin motors (1, 2) . Genetic deletion of Unc104, the C. elegans homologue of KIF1A (3), leads to a decrease in the number of axonal synaptic vesicles and an accumulation similar vesicles in the cell body of neurons (4). Targeted deletion of the KIF1A gene in mice causes a similar accumulation of clear small vesicles in the cell body of neurons as well as a marked neuronal death (5). Biochemically, KIF1A associates with membrane organelles containing synaptic vesicle proteins such as synaptophysin, synaptotagmin and Rab3A
(1). These results suggest that KIF1A is involved in the axonal transport of synaptic vesicle precursors.
Image acquisition from living neurons and image analysis-Transfected neurons on
coverslips (25 mm diameter) were set on a perfusion chamber with a thermostat (37 o C) and maintained in MEM (phenol red free) supplemented with 1 mM pyruvate and 60 µm N-acetyl L-cystein during the observation as described previously (8). Time-lapse images of moving KIF1A-EGFP were captured using a 63×/1.4 NA Plan-Apochromat objective and a confocal laser scanning microscope (LSM510) under the following settings: 30% intensity of argon laser to minimize bleaching and damage to neurons; maximum pinhole opening (7.5 µm) to cover most of the thickness of neurites; and 2-3-x digital zoom for better viewing. One images of 512 x 512 pixel resolution was taken in every 4.5 sec (1.5 sec scanning + 3 sec interval). The interval of 3 sec was used to minimize laser-induced neuronal damages. Image analysis and generation of video clips were performed using the MetaMorph software (Universal Imaging Corp.). Statistical significance was assessed using the Student's t test. 7 were solubilized in ice-cold lysis buffer (LB; 25 mM HEPES/KOH, 115 mM K + CH 3 COO -, 5 mM Na + CH 3 COO -, 5 mM MgCl 2 , 0.5 mM EGTA, 1% Triton X-100, 1 mM PMSF, 5 µg/ml leupeptin, 1 µg/ml aprotinin, 1 µg/ml pepstatin A, 1 µg/ml benzamidine, pH 7.2). After removing insoluble materials by centrifugation of the lysates at 50,000 rpm in the TLA 100.2 rotor (Beckman) at 4 o C for 30 min, the supernatant was added with AMP-PMP (5'-adenylylimidodiphosphate) (2.5 mM final), taxol (20 µM), and taxol-stabilized MTs (0.5 -1 mg/ml). After 30 min incubation at room temperature, the mixture was overlaid on top of a LB bed (1/4 volume) containing 10% sucrose and 20 µM taxol, and centrifuged at 30,000 rpm in the SW55Ti rotor at 22 o C for 30 min. After centrifugation, the supernatant was carefully removed and mixed with 2 x SDS loading buffer. The precipitates were then washed with LB + taxol and resuspended in 1x SDS loading buffer. The supernatants and precipitates were analyzed by immunoblotting with EGFP (1167) antibodies.
RESULTS
Characterization of EGFP-tagged KIF1A-To visualize the movements of KIF1A in living neurons, we generated a construct containing EGFP-tagged full-length KIF1A
(KIF1A-EGFP). The EGFP domain was inserted into the site (between aa 680 and 681)
in the middle of KIF1A around the N-terminal boundary of the liprin-α-binding domain (LBD) (Fig. 1A) , a putative domain that binds to the multi-domain protein liprin-α (H. S. Fig. 2A-C) . Since it was reported that overexpression of exogenous Unc104 in wild-type C. elegans neurons seems to interfere with normal Unc104-driven transport (10), we obtained time-lapse images of KIF1A movements only from neurons expressed a moderate amount of KIF1A, with KIF1A particles sparsely dispersed over the neuronal processes. Quantitative analysis on these neurons indicated that the expression levels of EGFP-KIF1A were ~40% of those of endogenous KIF1A; the average fluorescence intensity of EGFP-KIF1A-transfected neurons revealed by KIF1A
antibodies was 140 ± 16% [n=10] that of neighboring untransfected neurons (Fig. 2D ).
These results suggest that the expression of EGFP-KIF1A is unlikely to exert dominant negative effects in transfected neurons.
When time-lapse images of transfected neurons were analyzed, prominent KIF1A movements were mainly observed in thin and distal neurites (Fig. 3A, 4A , B), although KIF1A movements were also detected in thick and proximal neurites ( proteins remain associated. The average velocity of KIF1A particles during their persistent anterograde movements was 1.00 ± 0.61 µm/sec (mean ± standard deviation, n= 243) (Fig. 5A ), whereas that of retrograde movement was 0.72 ± 0.27 µm/sec (n=50) (Fig. 5B) . The average durations of persistent anterograde and retrograde movements were 11.0 ± 7.1 sec (n=131) (Fig. 5C ) and 8.17 ± 3.72 sec (n=56), respectively ( Fig.   5D ).
To test whether the movement of KIF1A is driven by the motor domain activity of KIF1A, we characterized the movements of two KIF1A-EGFP mutants; deletion of the entire motor domain (aa 2-365) termed KIF1A-∆MD and a point mutation (Thr312 to Met) that impairs the motor domain activity (KIF1A-T312M) (25) (Fig. 6A ). When these mutant KIF1As were expressed in cultured hippocampal neurons, most of the KIF1A particles exhibited little or no movements and mainly distributed to the region around the cell body (Fig. 6A ). Quantitative analysis showed that the number of moving KIF1A particles was significantly reduced in both KIF1A mutants (0.20 ± 0.31, n=5, p < 0.0001 in ∆MD and 1.11 ± 0.74, n=4, p < 0.001 in T312M, Student's t test) when compared with the wild-type KIF1A (3.99 ± 1.16, n=12) (Fig. 6B) , indicating that the observed movements of KIF1A are driven by the motor domain activity. One of the most prominent differences between the movements of KIF1A and Unc104 is that KIF1A showed limited movement in dendrites (Fig. 3B) , whereas Unc104 exhibited fast and processive movement in dendrites (10). A possible source of the limited movements of KIF1A in dendrites is the bidirectional nature of the MTs in the proximal dendrites of hippocampal neurons, which is in contrast to the unidirectional (plus-end-distal) polarity of axonal MTs (30). However, since we occasionally observed fast and processive anterograde movements in proximal dendrites (Fig. 3B) , it seems that there are additional mechanisms that regulate the movements of elegans (37).
In conclusion, our results, along with the previous report on Unc104 movement (10), support the hypothesis that the KIF1/Unc104 family motors mediate fast and processive transport in living neurons of various species. Identification of the molecular mechanisms that underlie the intermittent retrograde movements of KIF1A and the minimal peripheral accumulation of KIF1A would be interesting directions for further study. Finally, the assay measuring motor movements in living neurons may be utilized in the future for identifying the molecular mechanisms that regulate the motor activity and cargo association of KIF1A in vivo. by guest on November 4, 2016
